Innovative reinforcement as fiber-reinforced polymer (FRP) bars has been proposed as alternative for the substitution of the traditional steel bars in reinforced concrete (RC) structures. Although the advantages of this polymer reinforcement have long been recognised, the predominantly elastic response, the reduced bond capacity under repeated load and the low ductility of RC members with FRP bars restricted its wide application in construction so far. In this work, the behavior of seven slender concrete beams reinforced with carbon-FRP bars under increasing static loading is experimentally investigated. Load capacities, deflections, pre-cracking and after-cracking stiffness, sudden local drops of strength, failure modes, and cracking propagation have been presented and commented. Special attention has been given in the bond conditions of the anchorage lengths of the tensile carbon-FRP bars. The application of local confinement conditions along the anchorage lengths of the carbon-FRP bars in some specimens seems to influence their cracking behavior. Nevertheless, more research is required in this direction. Comparisons of experimental results for carbon-FRP beams with beams reinforced with glass-FRP bars extracted from recent literature are also presented and commented. Comparisons of the experimental results with the predictions according to ACI 440.1R-15 and to CSA S806-12 are also included herein.
Introduction
Reinforced concrete (RC) structures have been originally designed using steel bars as reinforcement. Last decades innovative materials manufactured of glass, carbon, aramid, or basalt fibers in polymer matrix have been proposed as alternatives for the substitution of the traditional steel bars in RC structures. In general, fiber-reinforced polymers (FRPs) have already been largely applied for the strengthening of deficient RC structural members in the form of FRPs as additional external flexural or shear reinforcement. Specifically, FRP sheets, strips, laminates, rods, or ropes have been extensively applied for the repairing and strengthening of RC beam-column joints [1] [2] [3] , columns [4] , frames [5, 6] , beams [7] [8] [9] [10] , deep beams [11] , corroded beams [12] , and slabs [13] .
Further applications of fiber-reinforced polymer (FRP) bars are recommended mainly in cases that the possibility of corrosion in steel RC structures may cause serious safety and financial concerns in harsh environments. As main advantages of FRP bars in comparison to the conventional steel bars can be considered the high corrosive-resistant behavior, the high tensile strength in the direction of the fibers and their lightweight non-magnetic characteristics. Due to these attractive characteristics, the application of FRP bars as internal reinforcement in RC structural members under monotonic or/and seismic loading has been examined recently [14] [15] [16] [17] [18] [19] . Nevertheless, FRPs exhibit brittle behavior and are characterized from their linear-elastic stress-strain response. Therefore, FRP bars do not yield like steel reinforcing bars. Furthermore, low modulus of elasticity and low shear strength are also shortcomings from the structural engineering point of view. Consequently, concrete beams reinforced with FRP bars show linear-elastic behavior up to failure without exhibiting any yielding and their final failure is characterized as brittle whether happens due to FRP rupture or due to concrete crushing; although the latter one can be considered as more desirable for RC flexural structural elements with FRPs [20, 21] . To compensate for the lack of post yielding behavior ACI 440.1R-15 [22] recommends higher margin of safety for the design of RC beams with FRP bars compared to the one for the design of beams reinforced with steel bars [23] . Specifically, for cases that the FRP rupture governs the design a strength reduction factor equal to 0.55 is recommended.
Furthermore, wider and deeper cracks coupled with the low strength and stiffness of the FRPs in the transverse direction to their axis result in a questionable contribution of the longitudinal tensional FRP bars as dowel action to the shear capacity of the concrete beams [24, 25] . In general, studies revealed that the overall shear capacity of concrete beams with FRP bars is considered to be lower than that of conventionally steel RC beams since the shear resisting components of the elements with FRPs found to be lower in comparison to the ones of the elements with steel reinforcement [26, 27] . However, in the study of Herwig and Motavalli [28] it has experimentally been obtained that the axial tensile resistance of glass-FRP bars was not considerably affected by the transverse force since this force did not exceed the 50% of the pure transverse force resistance. Nevertheless, lower bond characteristics between the FRP bars and the surrounding concrete have already been reported with respect to the traditional deformed steel reinforcing bars [29, 30] , especially under cyclic loading conditions [31] .
The aforementioned disadvantages along with the high cost of the FRP bars in comparison to the steel bars are important factors that restraint the massive usage of this material only in harsh and aggressive environments. Recently, an alternative reinforcement technique has been investigated in order to enhance flexural ductility and simultaneously to retain the high strength of the FRP bars by using the hybrid combination of steel and FRP longitudinal reinforcement [32] [33] [34] .
Commercially available FRP bars include FRP of glass fibers (G-FRP bars), carbon fibers (C-FRP bars), aramid fibers (A-FRP bars), and basalt fibers (B-FRP bars). These bars exhibit different and varying mechanical properties, physical appearance, and surface configuration and therefore apparent is that a lot of research is needed ahead.
In recent decades a lot of experimental research has been conducted for the behavior of concrete beams reinforced with G-FRP beams. It has reported that G-FRP reinforced beams experience higher deflections and larger crack widths compared to beams traditionally reinforced with steel bars [19] . This is attributed to the low elastic modulus of GFRP bars as documented in the ACI 440.1R-15 guidelines for the design and construction of concrete members and structures reinforced with FRPs [22] . Due to the low elastic modulus of G-FRP bars, beams reinforced with these bars also exhibit low post cracking flexural stiffness compared to the concrete beams conventionally reinforced with steel bars [35] . It can be concluded that significant analytical and experimental research efforts have been carried out on the behavior of G-FRP reinforced beams under various loadings [36] [37] [38] [39] [40] [41] [42] [43] .
On the other hand, the modulus of elasticity of C-FRP bars-although lower than the one of the steel bars-is three to four times higher than that of the G-FRP bars. C-FRP bars also exhibit substantially higher strength than G-FRP or A-FRP bars. Henceforth, although some research has been reported so far on the behavior of concrete beams reinforced with C-FRP bars the problem of the behavior of these beams under loading as members of RC structures is still open to question.
The behavior of these members involves the influence of phenomena such as concrete cracking and crack propagation, bond strength, the dowel action as shear contribution of the longitudinal C-FRP bars that even independently cannot be considered as well understood in the case of C-FRP reinforced beams. The current research work has been carried out to experimentally investigate the behavior of typical slender concrete beams reinforced with C-FRP bars under increasing static loading. Observed stiffness, maximum loading capacity, and deflection per loading step, development of the cracking width are presented and commented. Special attention has been given on the bond conditions of the anchorage lengths of the tensile C-FRP bars. In this direction, the potential influence of local confinement conditions along the anchorage length of the C-FRP bars applied in three specimens on the overall response of the examined beams is investigated. Further comparisons of experimental results for beams with C-FRP bars with corresponding ones for beams reinforced with G-FRP bars extracted from literature are also included herein. Finally, comparisons of the test results for the beam deflections with predictions obtained from modern Codes (ACI 440.1R-15 [22] and CSA S806-12 [44] ) are also presented and commented in this study.
Experimental Work
The current experimental project has been carried out to investigate the behavior of flexural concrete beams reinforced with C-FRP bars under increasing static loading and gain this way insight in the development of the cracking system. The potential influence of the anchorage conditions enhancement of the C-FRP bars by applying a local confining steel spiral on the overall behavior of the beams is also studied.
Specimen Description
Seven beams were cast and experimentally tested in four-point loading. The tensile reinforcement of five beams was C-FRP bars whereas the reinforcement of the other two beams included only steel bars (specimens denoted as S10 and S12 of group "S"). RC beams with C-FRP bars are sorted in two groups ("BF5" and "BF10"). Group "BF5" includes specimens BF5-0, BF5-1, and BF5-2 whereas group "BF10" includes two specimens BF10-0 and BF10-1 (see also Table 1 ). 1 Geometrical reinforcement ratio: ρ s for the steel bars and ρ f for the C-FRP bars. 2 Geometrical reinforcement ratio × tensile strength: ρ s f y for the steel bars and ρ f f fu for the C-FRP bars. 3 Mechanical reinforcement ratio: ω s = ρ s f y /f c for the steel bars and ω f = ρ f f fu /f c for the C-FRP bars. 4 Failure mode notation: Y: Typical flexural failure after steel Yielding with adequate ductility; F-R: Flexural failure due to the rupture of the carbon fibers of the C-FRP bars; S-T: Shear failure due to the diagonal Tension cracking. * Test results at steel yielding.
The geometry, the cross-sectional and the reinforcement details of all specimens are presented in Figure 1 . Their total length is 2.7 m, the width to height ratio is b/h = 200/250 mm, the effective depth is d = 200 mm, the shear span is a = 1 m and the shear span-to-depth ratio is a/d = 5 (typical slender beams). All beams have the same dimensions, the same high compression steel reinforcement ratio in order to avoid premature failure of the compression zone of concrete and the same ratio of transverse reinforcement for comparison reasons. The compression reinforcement consists of common deformed steel bars with diameter 14 mm (4∅14 top) that corresponds to a geometrical ratio of the top longitudinal compression steel reinforcement 1.54%. depth is d = 200 mm, the shear span is a = 1 m and the shear span-to-depth ratio is a/d = 5 (typical slender beams). All beams have the same dimensions, the same high compression steel reinforcement ratio in order to avoid premature failure of the compression zone of concrete and the same ratio of transverse reinforcement for comparison reasons. The compression reinforcement consists of common deformed steel bars with diameter 14 mm (4∅14 top) that corresponds to a geometrical ratio of the top longitudinal compression steel reinforcement 1.54%. Further, the transverse shear reinforcement kept the same for all beams and includes mild steel closed stirrups with diameter 6 mm and spacing at 200 mm (∅6/200 mm) as shown in Figure 1 . The geometrical ratio of the bottom longitudinal tension reinforcement of each beam is presented in Table 1 .
Furthermore, two beams of group "BF5" (specimens BF5-1 and BF5-2) and one beam of group "BF10" (specimen BF10-1) have an additional enhanced anchorage configuration of the tensional FRP bars. It includes a continuous mild steel spiral transverse reinforcement with circular shape placed around and at both anchorage ends of each C-FRP bar. This anchorage system is used to improve the C-FRP bar and the concrete bond properties at this area due to the developing local confinement. Special anchorage systems and new methods to prevent premature debonding of FRPs are of great importance [11, 13, 45] . The application length of the spirals is 500 mm for beams BF5-1 and BF10-1 and 750 mm for specimen BF5-2. The geometrical and the reinforcement characteristics of the provided spiral for BF5-1 and BF10-1 beams are shown in Figure 2 . Further, the transverse shear reinforcement kept the same for all beams and includes mild steel closed stirrups with diameter 6 mm and spacing at 200 mm (∅6/200 mm) as shown in Figure 1 . The geometrical ratio of the bottom longitudinal tension reinforcement of each beam is presented in Table  1 .
Furthermore, two beams of group "BF5" (specimens BF5-1 and BF5-2) and one beam of group "BF10" (specimen BF10-1) have an additional enhanced anchorage configuration of the tensional FRP bars. It includes a continuous mild steel spiral transverse reinforcement with circular shape placed around and at both anchorage ends of each C-FRP bar. This anchorage system is used to improve the C-FRP bar and the concrete bond properties at this area due to the developing local confinement. Special anchorage systems and new methods to prevent premature debonding of FRPs are of great importance [11, 13, 45] . The application length of the spirals is 500 mm for beams BF5-1 and BF10-1 and 750 mm for specimen BF5-2. The geometrical and the reinforcement characteristics of the provided spiral for BF5-1 and BF10-1 beams are shown in Figure 2 . 
Material Properties
The used C-FRP bars (denoted as HD5.5 and HD10) were produced by the pultrusion process of the carbon fibers according to the following specifications of the manufacturer. First, continuous carbon fibers with high tensile strength and a volume of fraction of 57% and 60% by volume for HD5.5 and HD10, respectively, were provided. The nominal tensile strength and the elastic modulus of these carbon fibers are greater than 4 GPa and 230 GPa, respectively. Afterwards, these carbon fibers have been saturated with resin in order to produce the synthetic C-FRP bar. The manufactured C-FRP bars have also a rough external surface produced by special surface treatment with quartz-sand. The nominal ultimate tensile strength and the elastic modulus of the final product, the C-FRP reinforcing bars used in this study, are f fu = 1.8 GPa and E f = 130 GPa, respectively.
Standard 150/300 mm concrete cylinders were tested under axial compression and splitting tension at the day of the tests of the beams. The average compressive and splitting tensile strength of the used concrete for all beams are f c = 29.1 MPa and f ct = 2.42 MPa, respectively. The maximum aggregate size used in the concrete mix is 16 mm. The experimentally obtained yield tensile strength, f y , of the deformed steel bars is 555 MPa for the ∅10 tension bars of the beam S10, 545 MPa for the ∅12 tension bars of the beam S12 and 550 MPa for the ∅14 compression bars, whereas the yield tensile strength of the ∅6 mild steel stirrups and spirals is 310 MPa.
Test Setup and Instrumentation
A four-point bend testing rig is used for the monotonic loading of the RC beams, as presented in Figure 3 . The beam specimens were simply edge-supported on roller supports 2.25 m apart in a rigid laboratory frame. The imposed load was applied in two points 250 mm apart in the midspan of the specimens (four-point loading) and the length of each shear span of the beams is equal to 1 m (typical slender beams with shear span-to-depth ratio equal to 5). 
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A four-point bend testing rig is used for the monotonic loading of the RC beams, as presented in Figure 3 . The beam specimens were simply edge-supported on roller supports 2.25 m apart in a rigid laboratory frame. The imposed load was applied in two points 250 mm apart in the midspan of the specimens (four-point loading) and the length of each shear span of the beams is equal to 1 m (typical slender beams with shear span-to-depth ratio equal to 5). The load was imposed by a pinned-end actuator and consistently increased with low rate. Values of the applied load were recorded by a load cell with accuracy equal to 0.05 kN. Furthermore, the deflections of the beams were measured using six linear variable differential transducers (LVDTs); four of them with 0.01 mm and two with 0.005 mm accuracy. Two of the installed LVDTs were placed at the midspan of the beams (one at the front side and one at the back side to increase accuracy), one The load was imposed by a pinned-end actuator and consistently increased with low rate. Values of the applied load were recorded by a load cell with accuracy equal to 0.05 kN. Furthermore, the deflections of the beams were measured using six linear variable differential transducers (LVDTs); four of them with 0.01 mm and two with 0.005 mm accuracy. Two of the installed LVDTs were placed at the midspan of the beams (one at the front side and one at the back side to increase accuracy), one at the middle of the left shear span, one at the middle of the left shear span and two at the supports (see also Figure 3 ). This way, the net deflections at the midspan and at the middle of the left-span and of the right-span of the beams were accurately estimated. Load and corresponding deflection measurements were recorded continuously during the performed tests until the failure of the beams.
Deflections

Deflection Curves
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Deflection Curves
The load to the deflection observed curves at the middle of the span of the tested beams with C-FRP bars are presented in Figures 4-8 . Each curve represents the experimental behavior of the beam as it is obtained from the measurements of the load and the corresponding deformations of the LVDTs till the total failure.
The curves include first a small pre-cracking part that exhibits high flexural stiffness. The main part of these curves though is the after-cracking part that exhibits substantially lower stiffness than the one of the uncracked first part. The observed maximum loads and the corresponding deflections at peak load bearing capacity of the beams are included in Table 1 . For comparison reasons the deflection curve of all tested specimens are presented in Figure 9 where the behavior of the C-FRP reinforced beams is compared with the typical ductile behavior of the two RC beams with steel bars. The curves include first a small pre-cracking part that exhibits high flexural stiffness. The main part of these curves though is the after-cracking part that exhibits substantially lower stiffness than the one of the uncracked first part. The observed maximum loads and the corresponding deflections at peak load bearing capacity of the beams are included in Table 1 . For comparison reasons the deflection curve of all tested specimens are presented in Figure 9 where the behavior of the C-FRP reinforced beams is compared with the typical ductile behavior of the two RC beams with steel bars. 
Loading Drops
As it can be observed from the load-deflection curves (Figures 4-9 ), each time a crack appears in the C-FRP reinforced beams a sudden load drop is simultaneously occurred. It may be attributed to the fact that a local decrease of the stiffness undergo at the cracked section of the beam due to the formation of long flexural cracks in combination with the low elastic modulus of the C-FRP bars. The stiffness of the member was high before cracking since the whole area of the concrete cross-section was in effect. After cracking, only the part of the concrete cross-section that is under compression is in effect while the contribution of the C-FRP tensile bars is rather low due to the low value of the modulus of elasticity of this material. This phenomenon usually takes place in beams where the normalized reinforcement ratio ρf(Ef/Ec) is very low. Therefore, for the same value of beam deflection higher value of the imposed loading is obviously required when the cross-section is uncracked in comparison with the value of loading required to produce the same deflection after the cracking.
Such loading drops are not observed in the steel RC beams since in these cases the modulus of elasticity of the steel bars is substantially higher compared to the one of the C-FRP bars and the normalized reinforcement ratio ρs(Es/Ec) is rather high. Moreover, it is important to be mentioned that the development of cracking is really faster in the early stages in the case of the C-FRP reinforced beams due to the low axial stiffness of the C-FRP bars than in the case of the steel reinforced beams where the cracks develop at a lower rate and therefore no loading drops are observed when a crack appears. Based on the same point of view, beams of group "BF10" exhibited lower loading drops than the beams of group "BF5" since they have been reinforced with C-FRP bars of higher diameter and therefore with higher stiffness.
Additionally, it should be stressed that these loading drops are not observed, or at least they are fewer and lower, in the response of the beams BF5-1 and BF10-1 with local spiral confinement reinforcement (see also Figures 5, 8, and 9 ). This improvement on the flexural behavior of these 
As it can be observed from the load-deflection curves (Figures 4-9 ), each time a crack appears in the C-FRP reinforced beams a sudden load drop is simultaneously occurred. It may be attributed to the fact that a local decrease of the stiffness undergo at the cracked section of the beam due to the formation of long flexural cracks in combination with the low elastic modulus of the C-FRP bars. The stiffness of the member was high before cracking since the whole area of the concrete cross-section was in effect. After cracking, only the part of the concrete cross-section that is under compression is in effect while the contribution of the C-FRP tensile bars is rather low due to the low value of the modulus of elasticity of this material. This phenomenon usually takes place in beams where the normalized reinforcement ratio ρ f (E f /E c ) is very low. Therefore, for the same value of beam deflection higher value of the imposed loading is obviously required when the cross-section is uncracked in comparison with the value of loading required to produce the same deflection after the cracking.
Such loading drops are not observed in the steel RC beams since in these cases the modulus of elasticity of the steel bars is substantially higher compared to the one of the C-FRP bars and the normalized reinforcement ratio ρ s (E s /E c ) is rather high. Moreover, it is important to be mentioned that the development of cracking is really faster in the early stages in the case of the C-FRP reinforced beams due to the low axial stiffness of the C-FRP bars than in the case of the steel reinforced beams where the cracks develop at a lower rate and therefore no loading drops are observed when a crack appears. Based on the same point of view, beams of group "BF10" exhibited lower loading drops than the beams of group "BF5" since they have been reinforced with C-FRP bars of higher diameter and therefore with higher stiffness.
Additionally, it should be stressed that these loading drops are not observed, or at least they are fewer and lower, in the response of the beams BF5-1 and BF10-1 with local spiral confinement reinforcement (see also Figures 5, 8 and 9 ). This improvement on the flexural behavior of these specimens is attributed to the C-FRP bars anchorage conditions enhancement that improved the bond behavior between C-FRP bar and the surrounding concrete.
Crack Shapes and Failure Modes
"BF5" Series
The crack shapes for series "BF5" beams are presented in Figures 4-6 . In general, the first cracks were typical vertical flexural cracks in the area of the tension zone within and very close to the constant bending moment area at a load of about 16 kN for beam BF5-0, 13 kN for beam BF5-1 and 13 kN for beam BF5-2. Furthermore, it is mentioned that all beams of "BF5" series exhibited flexural response and failed due to the rupture of the C-FRP bars, as shown in the photographs of Figures 4f and 5f, and 6f and as denoted in Table 1 (observed failure: "F-R").
Beam BF5-0
Right after the appearance of the first crack at a load almost 16 kN the load decreased suddenly down to 6.5 kN. During the loading procedure new cracks continued to form in the constant moment area while the first one propagated vertically towards the compression zone. It is noted that the formed cracks are from the beginning rather deep (Figure 4 ). Further small crack branches appear near the lower tension zone up to approximately 70% of the ultimate load. The formation of new cracks has not been observed at higher loading stages.
The development of the first crack width versus the applied load is presented in Figure 4 . It can be observed that at some points of this diagram marked as (a), (b), and (c) the loading is temporarily substantially decreased whereas the crack width remains unchanged or is slightly decreased. In the next loading step the loading value along with the crack width come back in the previous high levels. These sudden load decreases occur at the moment that a new crack appears. This phenomenon could be attributed to the low axial stiffness of the C-FRP bar. The axial stiffness is equal to cross-section area, A f , multiplied by the modulus of elasticity, E f . Furthermore, due to the low A f E f every new crack almost from the beginning extends vertically up to the compression zone. Simultaneously, it can be observed that the first crack grows wider. It is stressed that all the formed cracks located at the positions of the vertical stirrups.
Beam BF5-1
After the appearance of the first crack at a load almost 13 kN the load decreased suddenly down to 4 kN. During the loading procedure new well-formed cracks have not really been formed in this beam. Nevertheless, as the test procedure went on and the load was increased, the first crack grew wider and propagated vertically towards the compression zone. At the top of this crack and at the position of the compression longitudinal steel bars horizontal cracks appeared that could be considered as signs of concrete crash initiation.
The development of first crack width versus the applied load for specimen BF5-1 is presented in Figure 5 . On the contrary to the crack width diagram of the specimen BF5-0 (see Figure 4 ) in this case no points of sudden load falls are observed. It is emphasized that in this case no new crack appeared. After the appearance of the first crack at a load almost 13 kN the load decreased suddenly down to 6 kN. During the loading procedure only one or two very small new cracks have formed in the beam. Nevertheless, as the loading was increasing, the first crack grew wider and propagated vertically towards the compression zone. The cracking pattern of this beam considered as similar to the one of the beam BF5-1. The development of the first crack width versus the applied load for specimen BF5-2 is presented in Figure 6 . In this figure, it can be observed that at two points of this diagram the load values are temporarily decreased. In both cases, in the next loading step the load retakes the high value it had in the previous steps.
The application of the local confinement conditions along the anchorage lengths of the C-FRP bars in beams BF5-1 and BF5-2 seems to influence the development of the cracking system of these specimens. This influence appeared to be more intense in the case of the specimen BF5-1. Furthermore, specimens BF5-1 and BF5-2 with local spiral confinement reinforcement exhibited increased deflection at peak load (δ peak = 65.5 mm and 64.6 mm, respectively) with regards to the beam without spirals BF5-0 (δ peak = 49.5 mm), as shown in Table 1 and Figure 9 . Nevertheless, more research is required in this direction.
"BF10" Series
The crack shapes for the two beams BF10-0 and BF10-1 of the series "BF10" are presented in Figures 7 and 8 , respectively. In general, the first cracks were typical vertical flexural cracks in the area of the tensional zone, near and within the constant bending moment area in the middle part of the beams. Furthermore, it is noted that due to the high tensile strength of the C-FRP bars even a small increase of the C-FRP reinforcement (from to 2 bars of diameter 5.5mm in series "BF5" to 2 bars of diameter 10mm in series BF10) can possibly change the nature of the failure from pure flexural (series "BF5") to a behavior with final failure of shear nature (series "BF10"). This modification and the observed shear failure mode is also attributed to the fact that the beams of "BF10" series have larger tension reinforcement ratio (0.39%) than the corresponding ratio of the beams of "BF5" series (0.12%) and, therefore, larger shear demand.
Beam BF10-0
The appearance of the first crack was observed at the position of the vertical stirrup close to the left part of the constant moment area at a load almost equal to 13 kN and right after the load suddenly decreased down to 6 kN. Subsequently during the next steps of the loading sequence new cracks were formed in the tension zone while the existing ones propagated towards the compression zone. Nevertheless, near the peak load the first crack close to the left end of the constant moment area developed inclined branches at its bottom end and at its top end. Another inclined crack appeared and developed similarly near the right end of the constant moment area. After the peak loading point the first crack grew wider and became a clear shear crack and subsequently a brittle shear failure occurred (see also Figure 7 ).
Beam BF10-1
Close to the left part of the constant moment area at the position of the adjacent stirrup and at a load equal to almost 13 kN took place the appearance of the first crack and right after the load suddenly decreased down to 10 kN. Subsequently, during the next steps of the loading procedure, only one new well-formed crack appeared. This crack was formed at the position of the stirrup close to the right end of the constant moment area. Near the peak loading point, both these cracks developed at their top ends and at their bottom ends horizontal crack branches. The first of them grew wider became a clear shear crack and after a while a brittle shear failure took place (see also Figure 8 ). The application of the local confinement conditions along the anchorage lengths of the C-FRP bars in beam BF10-1 seems to influence the development of the cracking system and the overall behavior. Although both beams of group "BF10" failed in shear, specimen BF10-1 with local spiral confinement reinforcement exhibited increased deflection at peak load (δ peak = 51.1 mm) with regards to the beam BF10-0 without anchorage system (δ peak = 38.4 mm), as shown in Table 1 and Figure 9 .
Comparisons of Deflections with G-FRP Reinforced Beams
Significant analytical and experimental studies have been reported so far on the behavior of Glass-FRP (G-FRP) reinforced beams under various loadings [19, [36] [37] [38] [39] [40] [41] [42] [43] . In these cases, it is important to be mentioned that the modulus of elasticity of C-FRP bars, although lower than the one of the steel bars, it is three to four times higher than that of the G-FRP bars and furthermore C-FRP bars also exhibit substantially higher strength than G-FRP. Henceforth, although some research has been reported so far on the behavior of C-FRP reinforced beams the problem of the behavior of these beams under loading as members of RC structures is still under investigation.
Comparisons of experimental results for beams BF5-0 and BF10-0 with beams reinforced with G-FRP bars (beams A25-1, A25-2, A25-3) extracted from recent literature [40] are presented in Figure 10 . The geometrical and mechanical characteristics of specimens A25-1, A25-2, A25-3, with G-FRP bars [40] have some similarities with the characteristics of the beams with C-FRP bars examined in this study and, therefore, their response could be compared. Particularly, all beams reinforced with G-FRP bars have total length 2.8 m, width to height ratio b/h = 120/300 mm, shear span a = 1.1 m, top compression G-FRP reinforcement 2∅8, transverse steel closed stirrups ∅8/150 mm, concrete compressive strength f c = 24.5 MPa and tensile strength of the GFRP bars f fu = 640 MPa. The bottom tension G-FRP reinforcement (or its geometrical ratio, ρ f ) varies as follows: 2∅8 (or 0.33%) for specimen A25-1, 1∅12 + 1∅8 (or 0.54%) for specimen A25-2 and 2∅12 + 1∅8 (or 0.90%) for specimen A25-3. Comparisons of experimental results for beams BF5-0 and BF10-0 with beams reinforced with G-FRP bars (beams A25-1, A25-2, A25-3) extracted from recent literature [40] are presented in Figure  10 . The geometrical and mechanical characteristics of specimens A25-1, A25-2, A25-3, with G-FRP bars [40] have some similarities with the characteristics of the beams with C-FRP bars examined in this study and, therefore, their response could be compared. Particularly, all beams reinforced with G-FRP bars have total length 2.8 m, width to height ratio b/h = 120/300 mm, shear span a = 1.1 m, top compression G-FRP reinforcement 2∅8, transverse steel closed stirrups ∅8/150 mm, concrete compressive strength fc = 24.5 MPa and tensile strength of the GFRP bars ffu = 640 MPa. The bottom tension G-FRP reinforcement (or its geometrical ratio, ρf) varies as follows: 2∅8 (or 0.33%) for specimen A25-1, 1∅12 + 1∅8 (or 0.54%) for specimen A25-2 and 2∅12 + 1∅8 (or 0.90%) for specimen A25-3.
It is also mentioned that in Figure 10 the moment is normalized using the well-known nondimensioned factor M/(bd 2 fc), where b is the width, d is the effective depth and fc is the concrete compressive strength of the beams, in order the response of the examined specimens to be compared directly.
As expected, beams with C-FRP bars exhibit higher flexural stiffness than the beams with G-FRP bars; thus, for deflection equal to 30 mm beam BF10-0 exhibited: 
Calculations of Strength and Deflections-Modern Codes
Flexural Strength
According to ACI 440.1R-15 [22] the flexural strength of a concrete beam reinforced with 
where ε f is the strain of the FRP bars that equals to f f /E f .
Shear Strength
The calculation of the ultimate shear strength, V n , of a FRP-reinforced concrete beam based on the provisions of ACI 440.1R-15 [22] and CSA S806-12 [44] is achieved using the sum
where V c is the contribution of the un-cracked concrete chord and V s is the contribution of the shear transverse steel reinforcement. The difference between ACI 440.1R-15 [22] and CSA S806-12 [44] is the expression used for the calculation of the contribution of the un-cracked concrete chord, V c
where n f = E f /E c , E c is the elastic modulus of concrete, λ is a modification factor reflecting the reduced mechanical properties of lightweight concrete, taken as 1.00 for concrete with normal density, 0.85 for concrete with semi-low-density and natural sand for the fine aggregates, 0.75 for concrete with low-density and none of the fine aggregate is natural sand, V f d/M f (=d/a) shall not be taken greater than 1.0 and a is the shear span of the beam. The shear strength of the transverse steel reinforcement (stirrups), V s , is estimated according to both codes by the expression
where A v is the area, f yv is the yield tensile strength and s is the spacing of the steel stirrups.
Deflections and Comparisons with Test Results
Comparisons of the presented experimental results with the FRP design provisions described before are included herein. Nominal bending moment and shear capacities as specified in ACI 440.1R-15 [22] and to CSA S806-12 [44] are calculated and compared with the test results. The calculated values of the flexural and the shear strength of the examined RC beams with C-FRP bars are summarised in Table 2 (values of M n and V n , respectively). Based on these values, the expected failure mode and the analytically estimated total applied load (P n ) of the beams are also presented in Table 2 . Overall the design recommendations for the concrete beams with C-FRP bars provided relatively conservative predictions compared to the test results since the examined Code provisions seem to underestimate the capacity of the beams. The predicted failure mode of the beams is in a very good compliance with the experimentally obtained one (see also Table 1) .
Furthermore, experimental load versus midspan deflections are compared with the corresponding calculations as prescribed by ACI 440.1R-15 [22] and CSA S806-12 [44] . For the calculation of the deflections according to ACI 440.1R-15 first the effective moment of inertia, I e , used for calculation of cracked FRP reinforced beam has to be determined as
where M α ≥ M cr . Equation (11) includes an integration factor, γ, which depends on the loading condition (such as three-point, or four-point, or uniform distributed load) and the boundary conditions (such as a simple supported beam, or with fixed ends, etc.). This factor according to Bischoff and Gross [46] and for a simply-supported beam with four-point loading can be estimated as
where M a ≥ M cr , a is the shear span and L is the length of the beam between the supports. [44] considers "concrete crushing" as the only controlling limit state). 1 Failure mode notation: F-R: flexural failure due to the Rupture of the carbon fibers of the C-FRP bars; S-T: Shear failure due to the diagonal tension cracking. 2 Failure mode definition (a = 1 m): if M n ≤ V n → F-R (flexural failure) and P n = 2M n ; if M n > V n → S-T (shear failure) and P n = 2V n .
The integration factor, γ, accounts for the stiffness distribution along the FRP reinforced beam. M α is the applied service moment and M cr is the cracking moment calculated by the following expression
where f r is the modulus of rupture of concrete: f r = 0.6λ(f c ) 1/2 and y t is the distance from the centroidal axis of the gross cross-section to the tension face neglecting reinforcement. Furthermore, according to ACI 440.1R-15 [22] pre-and post-cracking deflections can be obtained using the following expressions for four-point loading, respectively
where P is the total applied load, a is the shear span or else distance between the loading P/2 and the support (see also Figure 11 for notation), E c is the elastic modulus of concrete, I g and I cr are gross and the cracked moment of inertia of the concrete section, respectively. CSA S806-12 suggests the application of the moment versus curvature relationship to calculate the deflection that has been proved to be suitable for concrete beams with FRP bars. The method adopted by CSA S806-12 uses a tri-linear moment versus curvature model that includes three slope segments: (a) pre-cracking stiffness, E c I g ; (b) zero slope that corresponds to the observed plateau length of the load-deflection curves shown in Figure 11 ; and (c) post-cracking stiffness, E c I cr . Pre-cracking deflection can be obtained using the well-known expression (17) for a simply supported beam with four-point loading, whereas for the calculation of the post-cracking deflection CSA S806-12 suggests expression (18).
Pre-cracking deflection
Post-cracking deflection
where η = 1 − I cr /I g and L g is the distance from the edge support to the point where the applied service moment and the cracking moment are equal: M a = M cr (for simply supported beams).
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where η = 1 − Icr/Ig and Lg is the distance from the edge support to the point where the applied service moment and the cracking moment are equal: Ma = Mcr (for simply supported beams).
Comparisons of the experimental results with the predictions according to ACI 440.1R-15 and to CSA S806-12 for beams BF5-0, BF5-1, and BF5-2 are presented in Figure 11 . Similarly, comparisons of the experimental results with the predictions according to ACI 440.1R-15 [22] and to CSA S806-12 [44] for beams BF10-0, BF10-1 are presented in Figure 12 . Comparisons of the experimental results with the predictions according to ACI 440.1R-15 and to CSA S806-12 for beams BF5-0, BF5-1, and BF5-2 are presented in Figure 11 . Similarly, comparisons of the experimental results with the predictions according to ACI 440.1R-15 [22] and to CSA S806-12 [44] for beams BF10-0, BF10-1 are presented in Figure 12 . 
Concluding Remarks
Innovative materials manufactured of carbon fibers in polymer matrix have been proposed as alternatives for the substitution of the traditional steel bars in RC structures. Advantages of C-FRP bars in comparison to the conventional steel bars are the high corrosive-resistant behavior, the high tensile strength along the fibers and their lightweight non-magnetic features. However, the brittle behavior, the linear-elastic stress-strain response, the low modulus of elasticity and the low shear strength are shortcomings of these materials from the structural engineering point of view. In this work, the behavior of typical slender concrete beams reinforced with C-FRP bars under increasing static loading is experimentally investigated. Observed stiffness, maximum loading capacity, deflection per loading step, and development of the cracking width have been presented and commented. Special attention has been given in the bond conditions of the anchorage lengths of the tensile C-FRP bars. The results of this study showed that:

The observed load versus midspan deflection curves include first a small pre-cracking part that exhibits high flexural stiffness while the main part of these curves is the post-cracking response that exhibits substantially lower stiffness than the one of the uncracked first part.  A general observation from the deflection curves is that each time a crack appears in the concrete beams reinforced with C-FRP bars a sudden load drop is simultaneously occurred. It can be attributed to the fact that a local decrease of the stiffness undergo at the cracked section of the beam due to formation of long flexural cracks in combination with the low normalized reinforcement ratio of the C-FRP bars. 
Concluding Remarks
•
The observed load versus midspan deflection curves include first a small pre-cracking part that exhibits high flexural stiffness while the main part of these curves is the post-cracking response that exhibits substantially lower stiffness than the one of the uncracked first part.
• A general observation from the deflection curves is that each time a crack appears in the concrete beams reinforced with C-FRP bars a sudden load drop is simultaneously occurred. It can be attributed to the fact that a local decrease of the stiffness undergo at the cracked section of the beam due to formation of long flexural cracks in combination with the low normalized reinforcement ratio of the C-FRP bars.
• Increasing of the C-FRP reinforcement ratio can possibly change the nature of the failure from pure flexural (series "BF5") to a response with final failure in shear (series "BF10").
The application of the local spiral confinement conditions along the anchorage lengths of the C-FRP bars in some specimens (beams BF5-1, BF5-2, and BF10-1) seems to influence the development of the cracking system of these specimens. This influence appeared to be more intense in the case of the specimen BF5-1. The deflection at peak load of these beams seems also to be increased with regards to the corresponding beams without spirals. Nevertheless, more research is required in this direction.
Comparisons of experimental results for C-FRP beams with beams reinforced with G-FRP bars extracted from recent literature have been presented and beams with C-FRP exhibited higher flexural stiffness than the beams with G-FRP bars.
Comparisons of the experimental results with the predictions according to ACI 440.1R-15 and to CSA S806-12 have been also presented. The codes provisions successfully predicted the failure mode and seemed to be rather conservative.
